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Abstract 
Silicon multilayer thin films with stack of amorphous silicon (a-Si:H) and nanocrystalline silicon (nc-Si:H) of 
varied hydrogen dilution were prepared by hot wire chemical vapor deposition (HWCVD). The optical properties of 
the thin films were measured by UV-visible spectroscopy. The smooth transmittance spectra measured in the range of 
500-1100 nm show films with uniform deposition. The optical constants such as refractive index, absorption 
coefficient, tauc band gap, extinction coefficient together with thickness were determined using envelope method. It 
is found that the optical band gap decreases from 1.78 eV to 1.6 eV as hydrogen dilution increases.  
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1. Introduction 
Solar energy is abundant in nature and utilizing this energy for efficient production of electrical energy 
using solar cells is a key issue. The issue of increasing efficiency of a solar cell is addressed by changing 
structure of solar cell. Silicon thin films of amorphous and crystalline nature are subject of intensive 
research in the field of solar photovoltaics since long. The high absorption characteristics together with 
ease of deposition have attracted interest in hydrogenated amorphous silicon (a-Si:H) but poor light 
soaking efficiency is major bottleneck [1]. The microcrystalline/nanocrystalline silicon (Pc-Si:H/nc-Si:H) 
or a mixed phase material has gained importance in the last decade due to its light stability, good charge 
transport characteristics and tunable band gap [2-5]. A lot of work has been done on effect of hydrogen 
dilution and optical characterization of individual thin films of a-Si:H and Pc-Si:H/nc-Si:H [6-13]. The 
absorption coefficient of amorphous silicon dominates in the higher energy part of visible spectrum and 
for crystalline Silicon it is more in lower energy range of the visible spectrum [14]. In order to combine 
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positive effects of both a-Si:H and nc-Si:H materials, a multilayer stack of both was prepared and the 
impact of change in hydrogen dilution on the optical characteristics was studied. Multilayer thin films 
consisting of alternating layers of amorphous and nanocrystalline silicon have also been prepared by 
plasma enhance chemical vapor deposition (PECVD) and RF glow discharge respectively [15-16].    
 
In this present work, multilayer films were prepared by HWCVD due to its obvious advantages over 
above methods [7][17]. The computer program PARAV was used to characterize the multilayer thin films, 
which require only transmission spectra to find out all the necessary optical characteristics using envelope 
method [18][19]. The multilayer films prepared for this study had shown sufficient number of interference 
fringes and thus can be analyzed by envelope method.  
2. Experimental Details 
In this work, Four samples of multilayer structure were prepared by varying the hydrogen dilution 
ratio, R=[H2]/[SiH4]. Hydrogen flow rate [H2] was varied from 2 to 5 standard cubic centimeter per 
minute (sccm) in a step of 1 sccm and silane flow rate [SiH4] was kept as 1 sccm in all films. The 
structure consists of alternating layers of a-Si:H and nc-Si:H thin films on quartz substrate [Figure1]. To 
deposit amorphous layer, pure silane was allowed to flow inside the chamber and nc-Si:H layer were 
achieved by hydrogen flow into the chamber together with SiH4. The total deposition time for thin films 
was 100 minutes. Twenty five bi-layers of 1 min (a-Si:H) and 3 min (nc-Si:H) each, were deposited. The 
tungsten filament temperature was 20000C, the substrate temperature was 2500C and the distance between 
filament and substrate was 50 mm. The base pressure in the chamber was 10-6 mbar to have minimum 
contamination of the developed films.  
 
The optical characteristics were measured by normal incidence UV-visible measurement taken at 
assembled setup where tungsten-halogen broad band source together with silicon detector were used. The 
transmission spectrum was recorded with a step size of 5 nm in the frequency range of 500-1100 nm at 
room temperature.  The substrate refractive index was assumed to be 1.5 [19]. Envelope method was used 
to estimate optical parameters namely refractive index (n) and extinction coefficient (k). Thickness (d) 
and absorption coefficient (D) were determined from transmission spectrum interference fringes [19].   
The multilayers were considered as single film on finite thickness transparent substrate for 
characterization purpose. Entire fringe pattern generated was assumed to be only due to multilayer 
structure and contributions from substrate were not taken in to consideration.     
3. Results and discussion 
3.1. UV-visible spectroscopy  
Figure 2 shows the transmission spectrum for the film with hydrogen dilution ratio R=5. It shows 
increasing transmission in visible and near IR region. Figure 3 shows the combined transmission spectra 
for all four films. The envelope exhibiting maxima and minima positions was constructed for all thin 
films and optical characteristics were calculated form interference pattern using PARAV. The 
transmission spectrum shows that below 550 nm there is high absorption by the film. The smoothness of 
transmission curve depicts deposition of film with uniform thickness. The transmittance spectra shift 
slightly to higher energy region with increasing dilution ratio. Reasons of this shifting may be (a) Film 
crystallization due to increased hydrogen dilution and (b) Change in film thickness. In Figure 3, a blue 
shift in transmission spectra is seen for hydrogen dilution ratio of 2, 4 and 5 but a opposite nature is 
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observed in film with R=3 and this is attributed to highest film thickness than other three films. Similar 
nature of transmission spectra shifting with thickness was observed by [20]. The change in material 
absorption edge shows that films have different optical band gaps.  
 
                                                           
Fig. 1 Multilayer structure sample showing a-Si:H and nc-Si:H layers  Fig. 2  Transmittance spectra for dilution ratio R=5 
The refractive index (n) versus wavelength plot (Figure 4) shows monotonic decrease with increasing 
wavelength for all the films but the rate of decrease (dn/dO) is more for lower hydrogen dilutions than 
films with higher dilution. As hydrogen dilution (R) increases the films refractive index decreases, this 
could be due to reduction in film density. Reduction in film density could be related to decrease in 
amorphous fraction and increase in void content. The refractive indexes were measured in the range of 
3.2 to 4.6. Similar variation in refractive index is obtained for i-a-Si by [21] and for silicon thin film on 
quartz substrate [22]. 
 
The absorption characteristics of films of different hydrogen dilution are shown in Figure 5. The film 
with lowest hydrogen dilution shows highest absorption in higher energy region showing its amorphous 
nature. The absorption decreases as R increases, material transition from amorphous to biphasic silicon 
can be predicted, and a blue shift is observed in visible spectrum. This means with crystal formation the 
dangling bond density in the amorphous and nc-Si:H phase decreases. 
 
                                                    
Fig. 3 Transmittance spectra for all multilayer films             Fig. 4 Refractive index behavior of multilayer films 
In the energy range of 1.7 eV to 2 eV, a wavy nature of characteristics appears exhibiting multiple 
reflections from the film interfaces of a-Si and nc-Si:H. A representative value of absorption coefficient at 
2.2 eV (D2.2) is shown in Table 1. For R=3, the film thickness obtained is 913.9 nm. Since absorption 
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coefficient is inversely related to film thickness, decrease in absorption coefficient with the value of 2.18 
X 104 cm-1 observed, though hydrogen dilution is increased.    
 
The extinction coefficient (k = DO/4S), a measure of fraction of light lost due to absorption and 
scattering in the penetrating deep layers of films is plotted in Figure 6. Expected decrease in k is observed 
in all films and is well correlated to absorption coefficients behaviour. The thickness obtained for thin 
films as calculated by envelope method is given in Table 1.   
 
                                      
Fig. 5 Absorption coefficient Vs photon energy for multi layer films       Fig. 6 Extinction coefficient Vs wavelength for multi layers 
The optical band gap gE  is estimated by the Tauc’s plot, 0.5( ) ( )gh h ED Q E Q  , assuming parabolic band 
edges. The sharpness of the band edge is indicated by E  [23]. Figure 7 shows corresponding plots for the 
multilayer films. Here D is absorption coefficient (cm-1) and hQ is the photon energy (eV). Study of band 
gap of films reveals that band gap decreases as there is increase in hydrogen dilution (Table 1).  
 
Table 1.Calculated parameters for multilayer films of different hydrogen dilution R, Refractive Index (n), Absorption Coefficient 
(D2.2), Optical Bandgap (Eg), Film Thickness (d) 
 
Sample  
(Hydrogen  
Dilution, R)  
Refractive Index  
(n) (O=1050 nm) 
Absorption 
Coefficient  
(D 2.2eV)  
cm-1 
Optical Bandgap, 
Eg (eV) 
Film Thickness 
d (nm) 
2 3.46 2.80 X 104 1.78 836.72 
3 3.41 2.18 X 104 1.76 913.9 
4 3.33 2.40 X 104 1.70 842.7 
5 3.25 2.43 X 104 1.60 829.9 
 
Even if there is some formation of nano sized grains, the impact of these nano crystals is nullified by 
intermediate a-Si layers which are poorly ordered and have no translation symmetry. Another point of 
justification can be in form of different sizes of nano crystals. As the grain size of nano crystal increases 
with increase in thickness of nc-Si:H layer [15][24], the number of grains having very small diameter  
may have been reduced as compared to nano crystal of higher mean grain size. Thus the quantum size 
effect (QSE) of nano crystals of very small diameter is offset by large size crystals and no QSE effect is 
observed, though hydrogen dilution increases. Equation 1 gives the relation between the optical band gap 
and the size of nano crystals. For increased size of nano crystals ‘a’ here, the expected increase in band 
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gap due to QSE is not seen and the band gap remains near to 1.6 - 1.8 eV. Similar results were shown by 
[11-12].   
2' /g gE E C a                       (1) 
C is a constant and Egc is the optical bang gap of bulk material.  
 
                              
                               
Fig. 7 Tauc plot for different dilution ratio multilayer films 
The optical properties of the undoped multilayer thin film have shown dependence on the hydrogen 
dilution. This absorber layer will be utilized in thin film solar cell structure. The conversion efficiency of 
a conventional Si-based solar cell covers the range from UV to near IR. The suitability of deposited film 
for photovoltaic application can be seen as the band gap observed for the films is between 1.6 eV to 
1.8  eV which overlaps  with the energy-conversion range of the solar cells. 
4. Conclusion 
The alternating multilayer thin films with different hydrogen dilution were prepared. The absorption 
coefficient, extinction coefficient and refractive index show decreasing nature as wavelength increased. It 
is shown that the grain size together with hydrogen dilution have significant role in the determination of 
absorption edge, which decreases optical band gap due to increase in thickness together with hydrogen 
dilution. The tauc band gap obtained shows that films remain amorphous for lower dilution and as 
hydrogen dilution increases the band gap shift to value of 1.6 eV i.e. toward crystalline silicon (c-Si). 
Thus quantum size theory may not be reasonably applied here and the shift in band gap is function of both 
hydrogen dilution and film thickness.   
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